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Beamforming techniques have been deployed in both licensed networks such as LTE 
network and unlicensed network such as IEEE802.11ac WiFi. The scope of work for this thesis 
is to leverage the benefits of beamforming techniques and software defined radio platform in 
developing a fully functioning LTE testbed. The testbed can be further developed to specific 
application for drone-to-drone or D2D communication independent of intervention from base 
stations. Applying beamforming techniques to devices such as drones can solve poor quality 
signal detection at the receivers due to the interference signals generated by other devices in the 
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3GPP LTE has introduced single-layer downlink beamforming as early as Release 8 in 
2006 followed by dual-layer downlink beamforming in Release 9 [1]. Up until today, different 
antenna array structure has been designed and used for downlink beamforming applications by 
the telecommunication operators according to the 4G LTE standards. From the simple ULA 
antennas to 2-dimensional patch array antennas to more complex structure or arrangements of 
the antenna array elements. The results are improved directivity of transmissions from base 
stations to target area. In this thesis, a patch antenna array will be designed and optimized for our 
beamforming purpose.   
The upcoming challenges and advancements in the wireless communication industry as 
discussed in [2] has proven the development in beamforming to be ever more important in 
supporting Massive Machine Type Communication (MMTC), Device-to-Device (D2D) 
communication and milli-meter Wave technology in the 5G network. Both downlink and uplink 
beamforming techniques will be explored in this thesis experiment for the applications of D2D 
communication and MMTC (in our case, drone-to-drone). Applying uplink beamforming at the 
drone can enable forming the transmission signal as a beam to another drone or to the base 
station whereas applying Direction of Arrival (DoA) algorithm at the drone can enable the 
detection of angle of arrival from the transmitter. These will be explored in this thesis 
experiment.  
COTS radio systems are commonly used in both production as well as research and 
development. The COTS approach is often expensive and inflexible as it relies on vendor-
specific hardware and software protected by each intellectual property. On the other hand, SDR 
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is vendor-neutral as it can operate in General Purpose Processor (GPP). For this reason, the SDR 
approach is considered a feasible solution for this thesis. The SDR is divided into two parts. For 
the first part, OAI will be used to build the radio access network (comprised of LTE base station 
and OAI User Equipment) and core network all on GPP-based personal computers [6]. For the 
second part, USRP RF control boards will be used for handling baseband processing and to serve 







Beamforming is a special MIMO spatial filtering technique used to direct focused beams 
of signal to targeted areas. The incentive of this technique is improved SNR ratio at the receivers. 
The transmitter can control the beam direction by applying weights to the magnitude and phase 
of individual antenna in the array. Receive antenna array can determine the direction of arrival of 
the signal by trigonometry calculation. The beamforming weighting algorithm will be explained 
later in this section. 
There are three different beamforming architectures namely digital beamformer, analog 
beamformer and hybrid beamformer. Hybrid beamformer is the compromise of both complexity 
and flexibility compared to the other two architectures. It has a few baseband ports followed by 
an analog beamforming network as shown in Figure 1 and Figure 2. It can achieve frequency 
selective beamforming and multiple beams transmission. It is the performance approach to 




Figure 1 Hybrid beamformer architecture 
 
 
Figure 2 Hybrid beamforming system blocks 
 
Beamforming types 
1. Switched beamformer 
An antenna array that can generate finite number of directional radio beams in fixed 
patterns such as the one proposed by [7]. Switched beamformer electronically calculates 




Figure 3 Two directional beams, fixed patterns 
 
2. Adaptive beamformer 
An antenna array that can adjust a beam’s direction and pattern to a moving receiver 
in real time such as the one proposed in [8]. Adaptive beamformer relies on powerful 
algorithm and rapid signal processing to continuously adjust a beam. This thesis will 
implement adaptive beamformer with a phased array antenna. 
 
Figure 4 Antenna beam pattern of an adaptive beamformer 
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Beamforming Weight Calculation 
Figure 5 shows a general receiving beamforming system discussed in [9] where we can 
get some insights to get started. The idea is adapting the weights to yield gain to obtain the 
desired signal and suppress other interference signals. The interference may induced by the fact 
that antenna serving multiple users.   
 
 
Figure 5 A general beamforming system 
 The system in Figure 5 is receiving from M+1 users and one of the received signals will 
be the desired signal (the actual data from the intended user). The received data is a sum of 
signal, interference and additive white gaussian noise. Once the noise and interference are 
known, the desired signal can be obtained by subtracting them from the received data. The 
vectors hm are the spatial signatures of the m
th
 user.  
 Furthermore, this thesis will explore the optimal beamforming concept discussed in [9] 
particularly the minimum mean square error (MMSE) algorithm which minimizes the error with 
respect to a reference signal. The desired user is assumed to be transmitting this reference signal. 
The MMSE algorithm finds the weights w that minimize the average power in the error signal, 
the difference between the reference signal and the output signal. This technique does require 
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knowledge of the reference signal at the receiving node. It has been deployed in LTE downlink 
transmission mode as well.  
  
LTE Beamforming 
The downlink transmission mode in LTE is the first step to obtain insights. According to 
3GPP LTE Release 12, there are two TMs that support beamforming. The scope of this thesis is 
set to test TM7 and beyond using the testbed.  
 




OAI SETUP & CONFIGURATION 
This project implements the software defined radio LTE/5G stack called openairinterface 
(OAI) by Open Software Alliance. The OAI architecture is divided into two parts. The first part 
is openairinterface which represents the EUTRA network. The second part is openair-cn which 
represents the core network. The OAI architecture is deployed on several personal computers in 
the lab. In addition, 2 USRP B210 RF boards and 1 USRP B200 are used to implement the radio 
frontend. The RF boards serve as the baseband units and the rf controllers. OAI implements the 
LTE stack and transfers the encapsulated data to the RF boards via a USB3 cable for digital 
signal processing. The RF power amplifiers are then connected to first VERT2450 omni-
directional antennas. It is a dual-band antenna for frequency band 2.4 GHz to 2.48 GHz and 4.9 
GHz to 5.9 GHz.  
Figure 7 and Figure 8 lays out the overall setup of OAI testbed and the corresponding 
interfaces of different entities of Evolved NodeB (ENB) and Evolved Packet Core (EPC). Please 
note that the IP addresses shown in the results and challenges section may differ from this 
section. It is until later the IP addresses is finalized as stated in this section.  
The system requirements and configuration tutorials can be found by visiting the websites 
in [3] and [4]. For the setup as shown in Figure 7 and Figure 8, we followed the procedure that is 


















oip1: ip is dynamically 
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Ubuntu 16.04 kernel 4.8.0-58-low-latency
Master branch
USB 3.0
USRP B200/B210 & VERT2450
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USRP SDR CONTROL BOARD 
A USRP SDR control board listed in [10] and [11] will serve as the radio frontend of the 
system and handle baseband processing. The following table lists the main features of the two 
products.  
USRP B200 
Xilinx Spartan 6 XC6SLX75 FPGA 
Analog Devices AD9364 RFIC direct-conversion transceiver 
Frequency range: 70 MHz - 6 GHz 
Up to 56 MHz of instantaneous bandwidth 
Full duplex, SISO (1 Tx & 1 Rx) 
Fast and convenient bus-powered USB 3.0 connectivity 
Optional Board Mounted GPSDO 
Table 1 Key features of USRP B200 
 
USRP B210 
Xilinx Spartan 6 XC6SLX150 FPGA 
Analog Devices AD9361 RFIC direct-conversion transceiver 
Frequency range: 70 MHz - 6 GHz 
Up to 56 MHz of instantaneous bandwidth (61.44MS/s quadrature) 
Full duplex, MIMO (2 Tx & 2 Rx) 
Fast and convenient bus-powered USB 3.0 connectivity 
Optional Board Mounted GPSDO 




Figure 10 System block of USRP B210 
 
   USRP Hardware Driver (UHD) is a user-space library that runs on a GPP-based host and 
communicates with and control all of the USRP device family. It is the Application Programming 
Interface (API) between the host machine operating system and the FPGA inside the USRP 
devices. Figure 10 shows that having UHD installed allows many SDR applications such as OAI, 








PHASED ANTENNA ARRAY 
The phased antenna array will be custom designed to leverage the USRP SDR control 
board to achieve hybrid beamforming. This antenna will be connected to the radio front-end of 
the system, operating both as a transmitter and a receiver. The goal is to use the USRP SDR 
control board to apply a phase change to the signal before the transmission of the radio 
waveforms.  
Each USRP B210 board will have 8-element patch antenna (2 X 2 for transmitter and 2 X 
2 for receiver). Using the Ultiboard software by National Instruments, the patch antenna was 
designed as shown in Figure 12. The holes in the patch antenna is where the SMA connectors 
will be mounted. This patch antenna was optimized for RF operation in the 2.4 GHz frequency 
band.  
 
Figure 12 2 x 2 (4 elements) Patched Antenna Array 
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For simulation of the patch antenna, MATLAB Phased Array Antenna Toolbox was used. 
It is a fairly complex antenna array design toolbox in which parameters including array 
geometry, element spacing, the lattice structure of the elements, element tapering and etc. can be 
adjusted. The corresponding output with respect to the set of parameters can then be analyzed. 
For verification of the 8-element patch antenna array, two scenarios – no steering and 60˚ 
steering are set as the parameter. The resulting 2D beampattern plot and the 3D beampattern plot 
are shown in the following figures. By analyzing the output as the parameters are changed until a 
finalized desired output is found, the patch antenna can be redesigned without investing more 






















TEST & RESULTS 
By following the steps from the tutorial “How to connect OAI eNB (USRP B210) with 
COTS UE”, the Evolved Packet Core (EPC), ENB and User Equipment (UE) were installed, 
built and ran. The experiment was conducted in a closed environment – a small laboratory. The 
ENB, EPC and UE are located on the same workbench – side by side to each other as illustrated 




Figure 17 Position of ENB, EPC and UE in the laboratory 
 
Note that there are many different configuration parameters during the process that can be 
tested. Only to some extents the configuration parameters were tested in this experiment as 
shown in the following. The variations of the parameters shown were also applied on the 
experiment but the only the parameters shown in the following yielded the most stable results.  
 
UE ENB 
TX 100 dB Transmission mode 1 
RX 110 dB TX 90 dB 
1 pair of VERT2450 antennas RX 125 dB 
 TDD band 40 
 TDD carrier frequency 2.47 GHz 




5 – 8 meters from each other 
Table 3 Tested Parameters 
 
The following shows the results of successful attachment of an UE to EPC. Mobile Management 
Entity (MME) keeps track of the number of ENB, UE and bearers in the network. Bearers are set 
up for each new connection.  
 
 





Figure 19 MME log upon successful UE attachment 
 









CHALLENGES & REMARKS 
Throughout the experiment there remains several challenges that need to be overcome 
prior proceeding with implementing the beamforming part. After exhaustive trial and error with 
different software and hardware configuration as stated in Table 1, the connection between UE 
and ENB was unstable and lossy. The connection held for certain amount of time and then 
dropped. As far as the observation goes, the hold time is unpredictable as it varies. So far, the 
troubleshooting steps taken are lowering and raising the tx/rx gain of UE as well as changing to 
different models of antennas. Figure 8 shows unusually high number of retransmissions existing 
in the connection when using iperf3 utility tool to test the throughput performance. 
 
 
Figure 22 Unusual retransmission number 
 
On the other hand, UE only has an IP address allocated. It does not have DNS addresses 
and default gateway configured. To enable internet connectivity, the DNS and default gateway 




Figure 23 Default gateway configured for UE 
 
A separate experiment was carried out to further identify the cause of poor connectivity in 
the radio access network. In this experiment, the USRP B210 board (ENB) and the USRP 200 
(UE) board were directly connected by RF coaxial cables instead of antennas. Prior to wiring 
them, the specifications of the boards shown in Table 4 noted that maximum RF input power at 
any antenna port is 0 dBm and the maximum TX RF output power is +10 dBm. To avoid 
damaging the boards due to overloading power, 30 dBm 50 Ω attenuators were connected to the 








Component ID Description Details 
J601 External Power 
6 V 
3 A 
J701 USB Connector USB 3.0 
J104 External PPS Input 1.8 V - 5 V 
J101 GPS Antenna 
GPSDO will supply nominal 
voltage to antenna. 
J100 External 10 MHz Input +15 dBm max 
J800 RF B: TX/RX 
TX power +20dBm max 
RX power -15dBm max 
J802 RF B: RX2 RX power -15dBm max 
J803 RF A: RX2 RX power -15dBm max 
J801 RF A: TX/RX 
TX power +20dBm max 
RX power -15dBm max 
Table 4 B200/B210 external connection and respective power information 
 
The following results show improvement in transmission and connection quality in the 
radio access network part. The ENB softscope for uplink transmission demonstrates a “cleaner” 
I/Q constellation diagram in real time compared to the experiment conducted with antennas. The 
downlink stats capture at UE indicates that there is an improvement to the received signal 
strength indicator < -30 dBm and the received power from ENB +/- 50 dB. For this reason, the 
LTE stack of OAI software was proven to be functioning properly. However, further work will 




Figure 24 iperf3 throughput test 
 
 





Figure 26 Downlink stats captured at UE 
 
In another attempt on solving the wireless connection problem of the network, a few 
extra steps were taken. The ENB was elevated to a height higher than UE and was positioned in 
such a way that it has direct line of sight of the UE. These steps ensured that the transmission 
signal is not interfered by the obstacles such as the chairs and people in the laboratory. The ENB 
TX power was increased to 120 dB whereas the UE TX/RX power was increased to 130 dB and 




Figure 27 Uplink ENB softscope in another attempt 
 
 




Figure 29 Downlink UE softscope in another attempt 
 
 




Figure 31 iperf3 throughput test in another attempt 
 
 The results show that there are improvements in multiple ways in comparison to the 
results of the first attempt. Figure 27 shows a “cleaner” I/Q constellation in the Physical Uplink 
Shared Channel (PUSCH) link. Figure 28 shows a better RF power for UE 0 in dB (43 dB) 
observed at ENB. Figure 30 shows a better RF power for ENB in dB (63 dB) observed at UE. 




CONCLUSION & FUTURE WORK 
This thesis is an interesting implementation of a RF innovation that combines both 
software defined radio and hybrid beamforming technique. It is a good head start for the drones 
D2D infrastructure application. The results of this experiment have confirmed that OAI LTE 
stack functionality is working as it should be. However, the poor RF signal issue presented in 
challenges and remarks section needs to be addressed prior to implementing hybrid 
beamforming.  
Based on the results of multiple attempts, there are several suspects to this issue. Firstly, 
the experiment was conducted in a closed environment; everything in the laboratory was within 
close proximity including the USRP boards, chairs, ceiling, RF measurement equipment, people 
and etc. This could lead to multi-path propagation causing serious interference and RF 
attenuation at the receiving end. Secondly, the USRP boards were operating at the 2.4 GHz 
Industrial, Scientific and Medical (ISM) band which is surrounded by other non-cellular 
networks such as WiFi and Bluetooth that were deployed next to the laboratory. This might be 
the cause for noisy I/Q constellation observed. Thirdly, specifications of VERT2450 has 
limitations such as a TX/RX gain of 3 dBi and 2.4-2.48 GHz frequency range. The TX/RX gain 
of VERT2450 for an environment with strong RF attenuation like ours might not be sufficient 
which could explain the short range of the network (5 – 8 meters).    
Further work will be done to identify the root cause and run OAI in an optimal condition. 
Based on the prior observation, the following suggestions can be taken to resolve the issue. The 
first step is moving  the OAI testbed to a significantly larger and more open space such as a hall 
or a gym. The second step is operating the testbed carrier frequency within an unlicensed LTE 
43 
 
band in the United States. However, further consideration should be taken as this involves the 
rules and regulations set by the bureaucracy such as Federal Communications Commission 
(FCC). The third suggestion is to use antennas with higher TX/RX gain and are capable of 
operating within LTE bands such as the 4G multiband antenna by Laird [13]. 
 Once the OAI is running in optimal condition, two USRP SDR boards can be combined 
to form a single ENB station. Meanwhile, it is encouraged to try develop branch on UE and ENB 
as it contains the most up-to-date LTE features. OAI docker approach may also be helpful when 
it comes to deploying OAI efficiently. Both GNU Radio and MATLAB can be used to design 
baseband signal processing and simulate the beamforming system as part of the implementation 
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